1. Introduction {#s0005}
===============

Mankind has battled many types of viruses over the years, which have caused infectious diseases in humans, plants and animals ([@b0245]). Viruses are the main source of various diseases ranging from mild to life threatening effects with masked or severe symptoms ([@b0205]). Different types of viruses have shown to be responsible for the development of certain cancers ([@b0070]). Many viruses have resulted in pandemics and a recent example is the corona virus disease 2019 (COVID-19) which started in Wuhan, Hubei province, China in December 2019 and has managed to spread across many countries globally. COVID-19 is considered a global threat as there is currently no known vaccine or suitable treatment and it is causing thousands of deaths globally with an expected rise unless a safe and effective vaccine and/or treatment(s) are speedily invented. Another virus which can be considered as one of the greatest pandemic in the history of mankind with known dreadful effects worldwide is the human immunodeficiency virus (HIV) ([@b0120]).

HIV was first discovered at the Pasteur Institute, Paris in 1983 by Luc Montagnier's team and is a causative agent for acquired immune deficiency syndrome (AIDS) ([@b0020]). According to UNAIDS, there were approximately 37.9 million people living with HIV globally and 770 thousand people died from AIDS related illnesses at the end of 2018 ([@b0195]). As of end of June 2019, 24.5 million people were receiving antiretroviral therapy (ART) and new HIV infections had significantly reduced by more than 40% since the infection peak in 1997. Sub-Saharan Africa has the highest prevalence of HIV, accounting for more than 70% of all HIV infections ([@b0120]). Despite, the deep effects and severe impacts of viral infections on the global health and economy, our capabilities for quick, efficient and rapid viral detection are still limited and incomplete. This may be due to many reasons, one of which is the selectivity characteristic of viral infection that could be to specific tissues and/or organs in part due to the differential ability of viruses to infect selected tissues and organ systems ([@b0070]). The presence of reliable diagnostic tool is an essential for the delivery of proper health services that are needed to the patients and the surrounding communities. In case of the HIV, there is a large number of HIV diagnostics that have been developed. The currently used HIV diagnostics include; western blotting, enzyme linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR). Albeit these techniques have proved to be very reliable and sensitive, identification of the virus and quantification methods are still laboratory based, time consuming and often expensive, this necessitates the need for accurate, rapid and sensitive virus biosensors ([@b0100]).

Biosensors have received a lot of attention for use as point of care (POC) diagnostics over the past few years. Of note, biosensors are seen as a potential and robust tool for the diagnosis of crucial viruses like COVID-19 instead of the time consuming and expensive real-time reverse transcription-polymerase chain reaction (RT-PCR) ([@b0135]). The development of biosensors could save thousands of lives on the urge of such severe viral infections by the rapid identification and proper segregation from other uninfected people. The general aim of developing biosensors is to allow accurate, rapid and convenient testing at the POC setting where care of patients is being administered ([@b0175]; [@b0125]). A biosensor is an analytical device that combines a biological recognition component with a transducer for the detection of analytes ([@b0185]). The recognition component of the biosensor usually includes enzymes, antibodies, nucleic acids, microorganisms, cells, tissues and biomimetic materials. Regardless of the type of biosensor and the detection of the analyte either at solid-liquid interphase or in a solution involving the use of nanoparticles, the attachment of enzymes, antibodies, DNA or cells is inevitable ([@b0175]). Assay sensitivity of biosensors depends on the conformation of the immobilised biomolecules such as antibodies and therefore performance of the system is greatly dependent on the surface chemistry used for immobilisation of biomolecules ([@b0220]).

The introduction of nanotechnology in the biosensor field has increased the sensitivity and other analytical characteristics of the biosensor. Nanotechnology uses nanoparticles ranging between 1 and 1000 nm in size and these particles have unique properties such as surface chemistry, shape dependence and optical properties that enable a variety of application including bioimaging, biosensing, vaccine development and drug delivery ([@b0080]). Various types of nanomaterials such as carbon nanotubes (CNTs), quantum dots, magnetic nanoparticles, selenium nanoparticles (SeNPs), silver (Ag) and gold nanoparticles (AuNPs) or gold nanoclusters (AuNCs) have been used in biosensors with gold particles being the most commonly used type of nanoparticles because of their ability to increase sensitivity and specificity ([@b0240]).

AuNCs have played a pivotal role in recent advances of fluorescent probe research because of their ability to fluoresce while SeNPs has attracted attention because of their large surface area, high surface activity, powerful adsorbing ability and low toxicity. AuNCs have been used in fields such as biomarkers detection, fluorescence detection and catalysis because of their good stability of fluorescence, low cytotoxicity and good biocompatibility. SeNPs also show favourable biocompatibility and can be easily conjugated with biomolecules without losing activity and preparing them is easy and cost effective ([@b0210]). Biomolecules such as antibodies can be immobilized on both AuNCs and SeNPs either passively through ionic or hydrophobic interactions or covalently through a chemical reaction with a surface group ([@b0050]).

The aim of the current study is to present as a proof of concept, the development of a biosensor system that would enable for rapid and robust detection of viral threats. The current research focused on HIV-1 pseudoviruses detection by using anti-HIV1 gp41 antibodies as capturing antibodies. A uniform and stable layer of silane was formed on glass substrates using (3-glycidoxypropyl)trimethoxysilane (GPTMS) for covalent attachment of the amine group of the HIV antibodies to the glass substrates. The HIV pseudovirus was added to the substrates, which then bound to the immobilised HIV antibodies. This was followed by the addition of AuNCs and SeNPs conjugated to HIV antibodies, which would bind to the HIV pseuodovirus. The surfaces and nanoparticles before and after conjugation were characterised by UV--vis spectroscopy, transmission electron microscopy (TEM), atomic force microscopy (AFM), laser induced fluorescence (LIF) and Raman spectroscopy.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Sodium selenite, ascorbic acid, hydrogen peroxide, sulfuric acid, polyvinylpyrrolidone (PVP), sodium borohydride (NaBH~4~, 95%), hydrogen tetrachloroauratetrihydrate (HAuCl~4~·3H~2~O, 99.999%), cetyltrimethylammonium chloride (CTAC), (3-glycidoxypropyl)trimethoxysilane (GPTMS), Dulbecco's Minimal Essential Medium (DMEM) (D5796), fetal bovine serum (FBS, FBS Superior, S0615), 1% Penicillin-Streptomycin (P4333), phosphate buffered saline (D8537) were purchased from Sigma-Aldrich. Human embryonic kidney cells (HEK293 T cells, ATCC CRL 11268) were obtained from the American Type Culture Collection. Anti-HIV gp41 antibody (ab9065), donkey anti-mouse IgG H&L (ab9065) and HIV-1 p24 in vitro SimpleStep ELISA kit (ab218268) were purchased from Abcam while superfect transfection reagent (310305) was purchased from Qiagen.

2.2. Preparation of SeNPs {#s0020}
-------------------------

A modified chemical reduction method was used, where 5 mM of sodium selenite solution was prepared. Ascorbic acid was used as a stock reducing agent at a concentration of 100 mM and the protecting agent, Polyvinylpyrrolidone (PVP) was made up at 0.1% (v/v) concentration. All solvents were dissolved in Milli-Q water at room temperature. Reactants were introduced in the following order: 2.5 ml of PVP was added to 15 ml of sodium selenite and followed by 2.5 ml of ascorbic acid. The solution was mixed under mild stirring rates for 1--2 min, until a deep red clear colour was achieved, this colour demonstrates reaction progression. The prepared SeNPs were conjugated to anti-HIV1 gp41 antibody (Abcam, ab9065) by mixing the SeNPs and anti-HIV1 antibody at a ratio of 1:1 and sonicating the mixture for 40 min. The solution was centrifuged at 2500 rpm for 1 min to remove unbound antibody and the supernatant was discarded. Conjugates were resuspended in 1X phosphate buffered saline (PBS) with a pH of 7.4.

2.3. Preparation of AuNCs {#s0025}
-------------------------

AuNCs were prepared by modifying [@b0015] method. In brief, 5 ml of 0.2 M cetyltrimethylammonium chloride (CTAC) solution was mixed with 5 ml of 5 mM hydrogen tetrachloroauratetrihydrate (HAuCl~4~) solution. While stirring the solution, 60 ml of ice-cold freshly prepared 0.1 M sodium borohydride (NaBH~4~) was added and this resulted in the formation of a solution with a brownish yellow colour. Vigorous stirring of the cluster solution was continued and used after 5 min of preparation. The prepared AuNCs were conjugated to anti-HIV1 gp41 antibody as before.

2.4. UV--vis absorption spectroscopy {#s0030}
------------------------------------

The absorption spectra were analysed using the NanoDrop ND 1000 spectrophotometer to determine the red shifts before and after functionalisation of nanoparticles with anti-HIV1 gp41 antibodies. Several UV--vis spectra (\~5) were taken for the SeNPs and AuNCs before and after they were conjugated to anti-HIV1 gp41 antibodies.

2.5. Zeta potential measurements {#s0035}
--------------------------------

The zeta potential of SeNPs and AuNCs dispersed in water before and after conjugation with anti-HIV1 gp41 antibodies were analysed using the Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., United Kingdom).

2.6. Transmission electron microscopy analysis {#s0040}
----------------------------------------------

Characterisation of SeNPs and AuNCs before and after they were conjugated to anti-HIV1 gp41 antibodies was done using TEM. The samples were prepared by drying a drop of solution containing nanoparticles on the TEM grid. The images of the samples on the grid were taken using the JEOL TEM (JEM 2100F).

2.7. Laser induced fluorescence (LIF) {#s0045}
-------------------------------------

For LIF measurements, we used a continuous wave (CW) diode pumped solid state laser (DPSS) with 100 mW power and emission wavelength was measured at 405 nm. LIF was used to analyse SeNPs and AuNCs before and after conjugation with anti-HIV gp41 antibodies. The examined samples were in a quartz cuvette of 10 mm thickness and the laser light was delivered by means of an optical fibre. The emitted fluorescence was collected and delivered to a spectrometer (USB2000 FLG Ocean Optics, USA) via another optical fibre placed at 90° to the excitation light. Spectra Suit software (Ocean Optics, USA) was used for acquiring and collecting the data, while spectra analysis was done by using the Origin Lab. software, Version 8 ([@b0170]; [@b0005]).

2.8. Cell culture {#s0050}
-----------------

Human embryonic kidney cells (HEK293 T cells, ATCC CRL 11268) were used for the production of HIV-1 Env pseudovirus. HEK293 T cells were cultured in Dulbecco's Minimal Essential Medium (DMEM) (Sigma Aldrich, D5796) supplemented with 10% fetal bovine serum (FBS, FBS Superior, S0615) and 1% Penicillin-Streptomycin (Gibco, 15140122). The cells were incubated at 37 °C in 5% CO~2~ and 85% humidity until they reached a confluency of 80% which was usually after 2--3 days. After reaching confluency, the cells were then co-transfected with components of HIV-1 in order to produce the HIV pseudoviruses.

2.9. HIV-1 pseudovirus production {#s0055}
---------------------------------

The HIV-1 pseudoviruses were produced by transfecting HEK293 T cells using the Superfect transfection reagent (Qiagen, 310305) as described by [@b0110] and [@b0115]. Briefly, HEK293 T cells with a total concentration of 3x10^6^ cells were seeded in a T75 flask with 8 µg of env HIV-1 plasmid backbone and 4 µg of HIV-1 Plasmid. The supernatant containing pseudoviruses was harvested after 48 h and filtered with a 0.45 µm filtration system. The concentration of the pseudoviruses was quantified using the HIV-1 p24 in vitro SimpleStep ELISA kit (Abcam, ab218268) (data not shown).

2.10. Preparation of silanized glass substrates {#s0060}
-----------------------------------------------

Glass substrates were activated using piranha solution (H~2~SO~4~:H~2~O~2~, 7:3 v/v) at 75 °C for 45 min in order to hydroxylate the surface of the glass substrates. After activation, glass substrates were thoroughly washed in ultrapure water and blow dried using nitrogen and placed in an oven to remove any water on the surface. Substrates were then exposed to (3-glycidoxypropyl)trimethoxysilane (GPTMS) at 80 °C in vacuum for 6 h. After silanization, the glass substrates were sonicated in toluene, methanol, and ultrapure water and dried under a stream of nitrogen.

2.11. Immobilization of anti-HIV1 gp41 antibody {#s0065}
-----------------------------------------------

Anti-HIV1 gp41 antibodies were immobilized on the silanized glass substrates by incubating the glass substrates with HIV antibodies overnight at 4 °C. After overnight incubation, HIV-1 pseudoviruses at a concentration of 300 pg/ml were added to the surface for 1 h at room temperature, followed by washing with ultra-pure water. Anti-HIV1 gp41 antibodies conjugated to SeNPs and AuNCs were the added to the surface of the substrates.

2.12. Fluorescence staining {#s0070}
---------------------------

Fluorescence staining was done to determine the presence of HIV pseudoviruses on the surface of the substrates. Donkey anti-mouse IgG H&L at a concentration of 15 μg/ml was added to the substrate surface which contained HIV-1 pseudoviruses captured by the anti-HIV1 gp41 antibodies and to the surface which only contained anti-HIV1 gp41 antibodies. The excitation and emission wavelengths of the donkey anti-mouse IgG H&L are 495~Ex~/519~Em~ nm and the fluorescence was visualized using the reflected fluorescence system mounted on the inverted microscope (Wirsam, Olympus® CKX41).

2.13. Atomic force microscopy analysis {#s0075}
--------------------------------------

The surface morphology of glass substrates coated with anti-HIV1 gp41 antibodies, HIV pseudoviruses, SeNPs and AuNCs conjugated to HIV antibodies were analysed using atomic force microscopy (AFM). The AFM images were captured using a Vecco AFM system (Digital Instruments, USA) using a silicon cantilever tip. The tip has a curvature radius of 10 nm and is n-doped silicon, with a resonance frequency of 204--497 kHz and a force constant of ≈10--130 N/m. The images acquired by the AFM instrument were analysed using the Nanoscope software.

2.14. Raman spectroscopy {#s0080}
------------------------

An illustration of the custom-built Raman optical setup that was used to perform Raman measurements on the surface of the substrates is shown in [Fig. 1](#f0005){ref-type="fig"} . The Raman excitation source was a 527 nm single mode diode laser (Evolution Nd:YLF, diode-pumped, Q-switched) of 1 KHz repetition rate with 5 µs pulse duration. The laser beam was expanded using two lenses telescope (L1 and L2) and delivered to the sample through a 100X microscope objective (NA = 1.25). A dichroic mirror was used to direct the laser beam to the back of the microscope objective lens and remove the Rayleigh scattering. The spot size of the beam at the sample was approximately 1 μm with a power of 10 mW. After passing through a notch filter (to further remove the Rayleigh scattering), the backscattered Raman signal was collected and guided to a spectrograph (Andor Shamrock spectrometer) and a deep cooling CCD camera (Newton, DU9-20P, Andor CCD camera) through an optical fiber. A grating with 1200 g/mm and 500 nm as blazing wavelength was chosen to disperse the Raman signal.Fig. 1Illustration of the Raman spectroscopy setup.

3. Results and discussion {#s0085}
=========================

3.1. UV--vis absorption spectroscopy {#s0090}
------------------------------------

The nanoparticles conjugated to anti-HIV1 gp41 antibodies were characterised using UV--vis spectroscopy ([Fig. 2](#f0010){ref-type="fig"} ). The spectrophotometer is able to identify components in a solution based on the unique absorbance characteristic of the components in the solution. The SeNPS and AuNCs showed absorption at wavelengths of \~300 and \~250 nm respectively before conjugation with the anti-HIV1 gp41 antibodies. After conjugation with the antibody there was a reduction in the absorption intensity in both SeNPS and AuNCs. The decrease in the UV--vis spectrum intensity could indicate that successful conjugation of nanoparticles to antibodies was achieved. It is generally accepted that the intensity and absorption peak of the nanoparticles is dependent on the size, shape and agglomeration of the particles ([@b0105]). Both SeNPs and AuNCs maintained their characteristic band shape after conjugating to biomolecules showing that the nanoparticles did not experience aggregation after binding to biomolecules ([@b0200]). Interestingly, no red shifts were recorded after conjugation to HIV antibodies for both SeNPS and AuNCs which was unexpected since most conjugation of nanoparticles to antibodies results in a red shift. To achieve conjugation of nanoparticles to antibodies, physical and chemical interaction can be used and in this study the physical interaction method was adopted. The physical interaction between the antibodies and nanoparticles depends on three phenomena namely; hydrophobic interaction between the metallic surface and the antibody, ionic attraction between the positively charged antibodies and the negatively charged metallic surface, dative binding between the gold conducting electrons and amino acid sulfur atoms of the antibody ([@b0080]). Despite some limitation of the physical adsorption method, a study by [@b0155] reported excellent orientation of antibodies with this method. There is proof that suggests that the plane of interaction of the antibodies with the metal surface does not have any effects on the antigen binding portion because of the net charge distribution and the asymmetry of the antibody ([@b0140]).Fig. 2UV--vis absorption spectra of SeNPs (A) and AuNCs (B) before and after conjugation with anti-HIV1 gp41 antibodies.

3.2. Zeta potential measurements {#s0095}
--------------------------------

Zeta potential determination is a significant characterization technique of nanocrystals to estimate the surface charge, which can be employed for understanding the physical stability of nanosuspensions ([@b9000]). Zeta potential measurements were conducted on SeNPS and AuNCs before and after conjugation with HIV antibodies and the changes in zeta potential are shown in [Table 1](#t0005){ref-type="table"} . The zeta potential of SeNPS and AuNCs showed a positive charge irrespective of the conjugation with HIV antibodies. There was an increase in zeta potential of SeNPs from 35 mV before conjugation to 49.9 mV after conjugation. An increase in zeta potential from 16.8 to 33.7 after conjugation with HIV antibodies was also observed in AuNCs. A zeta potential below −20 mV and above +20 mV indicates that the nanoparticles contained in the solution are physically stable due to electrostatic repulsion of individual particles ([@b0040]). Therefore since both SeNPs and AuNCs showed a zeta potential of more than 20 mV this suggests that they were stable before and after conjugation to HIV antibodies and this could be attributed to the greater electrostatic repulsion between nanoparticles. [@b0235] also observed an increase in zeta potential to 32.3 mV when AuNCs where conjugated to chitosan oligosaccharide lactate. In the event where a zeta potential has a small value, it can suggest the presence of particle aggregation and flocculation due to the Van der Waals attractive forces which act upon the particles and may result in physical instability ([@b0165]). Nanoparticles with high zeta potential values, between 20 and 40 mV, provide the system stability and are less prone to form aggregates or increase in particle size. However, it should be considered that zeta potential values are not an absolute measurement of nanoparticle stability. Those with positive zeta potential have a long circulating half-life due to the absorption of protein components in the blood. In this study, the zeta potential values for SeNPs increased after binding to the protein based antibody and this attained the conjugate more stability and less aggregation as can be seen in the TEM images.Table 1Zeta potential of selenium nanoparticles and gold nanoclusters before and after conjugation with HIV antibodies.Nanoparticle typeUn/conjugatedZeta potential (mV)Sign of Zeta potentialSelenium nanoparticlesUnconjugated35 ± 1.7PositiveConjugated49.9 ± 3.8PositiveGold nanoclustersUnconjugated16.8 ± 0.8PositiveConjugated33.7 ± 0Positive

3.3. Transmission electron microscopy {#s0100}
-------------------------------------

The nanoparticles morphology was characterised using TEM. [Fig. 3](#f0015){ref-type="fig"} shows TEM images of SeNPs and AuNCs before and after they were conjugated to anti-HIV1 gp41 antibodies. The SeNPs appeared as spherical structures when observed with the TEM while AuNCs appeared as crystalline structures. The morphology of the AuNcs are similar to what was observed by [@b0010] after successful synthesis of fluorescent AuNcs for human serum immunoglobulin E determination. The shape and morphology of SeNPs before and after conjugation to HIV antibodies remained similar and this suggests that that the quality and morphology of SeNPs was not affected by conjugation to antibodies. AuNCs also maintained its morphology after conjugating to the antibodies. TEM also confirmed that there was no aggregation of AuNCs and the clusters were well distributed while for SeNPs there were a number of aggregates visible, before and after conjugation with anti-HIV1 antibodies. The average size of SeNPs was 42 nm while AuNCs had an average size of 3 nm. Various characteristics of nanoparticles such as the shape, size, and surface charge have been shown to have a strong influence in their diagnostic efficiency ([@b0080]; [@b0035]). The surface area to volume ratio of nanoparticles functions as exquisite scaffolds and can affect its biorecognition and detection reactions. Nanoparticles with an enhanced surface to area to volume ratio enables the nanoparticles to achieve excellent bioimmobilization and signal transduction functions which will result in highly improved specificity and sensitivity for virus detection ([@b0030]).Fig. 3Transmission electron microscopy (TEM) images of selenium nanoparticles (SeNPs) and gold nanoclusters (AuNCs) before and after conjugation to HIV antibodies. Scale bar for SeNPs denotes 200 nm and 50 nm for AuNCs and the inserts show enlarged picture in the nanoparticles.

3.4. Laser induced fluorescence {#s0105}
-------------------------------

The fluorescence spectrum of AuNCs and SeNPs before and after conjugation with HIV antibodies when irradiated with laser light are shown in [Fig. 4](#f0020){ref-type="fig"} . Metallic nanoparticles such as gold and semi-metallic elements like selenium have intrinsic fluorescence and a characteristic spectrum. [Fig. 4](#f0020){ref-type="fig"} A revealed how AuNCs are highly fluorescent with peaks at around 450 nm and 500 nm. These fluorescent peaks are still observable for those clusters conjugated with HIV antibodies but broadened and with much less intensity.Fig. 4Fluorescence emission of A: AuNCs alone and after conjugation with anti-HIV gp41 antibodies and B: SeNPs alone and when conjugated to HIV antibodies.

There are two main categories for gold nanomaterials, which are gold nanoparticles and nanoclusters. The main differences between the two categories are related to structural and physical properties. The AuNCs are nanomaterials with a size of less than 3 nm. Due to their extreme small size, nanoclusters have unique characteristics and are composed of a dozen to a few hundred atoms ([@b0085]). Their electronic structures are dependent on their sizes, which match Fermi wavelength based on the fact that the radii of these clusters are inversely proportional to the energy level spacing. Due to the strong quantum confinement of free electrons in the AuNCs, the continuous density of states breaks up into discrete energy levels. This results in size-dependent fluorescence and other attractive molecule properties such as colour tenability and surface tailoring capabilities ([@b0160]). According to the structural analysis by [@b0215], the fluorescence characteristic of AuNCs originates from the LUMO-HOMO transition. When fluorophores such as AuNCs absorbs light of a specific wavelength, the fluorophores will then emit energy in a form of fluorescence equalling to the energy variance between the ground state and the excited state. AuNCs are intermediate state between NPs and a single atom and considered as super-atoms or molecular-like species. Moreover, these clusters possess high ratio of surface area to volume, a property that render them suitable for surface functionalization as well as conjugation with biomolecules. Hence AuNCs are potential candidates in various applications like bioimaging and biosensing.

SeNPs on the other hand are shown to have lower fluorescence emission than gold nanoclusters at 475 nm as shown in [Fig. 4](#f0020){ref-type="fig"} B. There is no much difference in the fluorescence pattern between SeNPs and those conjugated with HIV antibodies. This emission spectrum coincides with that reported by [@b0090] as they indicated fluorescence emission for SeNPs at 416 and 580 nm. SeNPs have a distinct fluorescence emission in the visible to near infrared region which also makes them ideal for diagnostic applications. However, they are inferior with respect to fluorescence emission when they are compared to AuNCs, because the latter have good photostability, high emission rates and large stokes shift. Of note, Se is a member of the chalcogens family and it is occurring naturally in the human body for various cellular functions. When Se is in the nanostructure dimensions, it showed to have antimicrobial as well as anticancer activities. Thus, Se NPs are very promising to be used as biosensors as well as in bioimaging tools for both diagnosis and treatment purposes.

3.5. Fluorescence staining {#s0110}
--------------------------

Fluorescence staining was done in order to determine whether the immobilized anti-HIV1 gp41 antibodies on the surface of the glass substrates were able to capture the HIV pseudoviruses. [Fig. 5](#f0025){ref-type="fig"} A is an image of donkey anti-mouse IgG H&L added in the presence of HIV-1 pseudoviruses while in [Fig. 5](#f0025){ref-type="fig"}B, donkey anti-mouse IgG H&L was added in the absence of HIV-1 pseudoviruses. The donkey anti-mouse IgG H&L reacts specifically with the mouse IgG and with light chains common to other mouse immunoglobulins. Since the glass substrates were treated with mouse IgG antibody (anti-HIV1 gp41 antibodies) it is expected that the donkey anti-mouse IgG H&L will react with the anti-HIV1 gp41 antibodies and show a green fluorescence on the surface of the substrates. This was indeed the observation as shown in [Fig. 5](#f0025){ref-type="fig"}B, where donkey anti-mouse IgG H&L was added to the substrates when the virus was not present. This result shows that anti-HIV1 gp41 antibodies were successfully immobilized on the glass substrates and this will enable the antibodies to capture the HIV-1 pseudoviruses. In the presence of the HIV-1 pseudoviruses, no green fluorescence was observed after the addition of donkey anti-mouse IgG H&L. This result suggest that the donkey anti-mouse IgG H&L was not able to react with the anti-HIV1 gp41 antibodies because the latter would have been bound to the HIV-1 pseudoviruses and therefore preventing the binding of donkey anti-mouse IgG to the mouse IgG.Fig. 5Fluorescent images of donkey anti-mouse IgG H&L added in the presence (A) and absence (B) of the HIV-1 pseudoviruses.

3.6. Atomic force microscopy {#s0115}
----------------------------

AFM was used to analyse the surface of the substrates and each of the scan represent a 2 μm × 2 μm lateral area that was scanned. AFM was used to characterize surfaces that were coated with anti-HIV1 gp41 antibodies followed by the addition of HIV-1 pseudoviruses and no viruses were added to the other substrates as shown in the [Fig. 6](#f0030){ref-type="fig"} . Both SeNPs and AuNCs conjugated to HIV antibodies were then added to surfaces and AFM images were taken ([Fig. 7](#f0035){ref-type="fig"} ). In the absence of HIV-1 pseudoviruses there were fewer complexes that resembled SeNPs and AuNCs as shown in [Fig. 7](#f0035){ref-type="fig"}B and C. On the contrary, more structures resembling SeNPs and AuNPs were seen in the presence of HIV-1 pseudoviruses ([Fig. 7](#f0035){ref-type="fig"}D and E). [@b0100] also showed that it was possible to visualize Au nanoparticle-antibody complex due to the presence of Au nanoparticles. The roughness of the surface increased in the surfaces with SeNPs and AuNCs conjugated to HIV antibodies in the presence of the pseudoviruses compared to when there was no HIV pseudoviruses. The root mean square roughness increased by 6 and 2 for SeNPs and AuNPs respectively in the presence of the HIV pseudovirus. This result shows that immobilisation of the HIV antibodies was achieved and the antibodies were able to capture the pseudovirus which bound to SeNPs and AuNCs conjugated to HIV antibodies. The SeNPs had a larger size than AuNPs therefore induced more roughness on the surface.Fig. 6Illustration of coating anti-HIV1 gp41 antibodies on glass substrates followed by addition or no addition of the HIV-1 pseudoviruses. This is followed by addition of anti-HIV1 gp41 conjugated to SeNPs and AuNPS. In the presence of the HIV pseudovirus both SeNPs and AuNPs binds to the HIV pseudovirus while in the absence of HIV pseudoviruses no binding takes place.Fig. 7Atomic force microscopy (AFM) morphologies of glass substrates treated with the anti-HIV gp41 antibodies (A), anti-HIV gp41 antibodies conjugated to SeNPs (B) and AuNCs (C) in the absence of the HIV-1 pseudoviruses. D and E is anti-HIV gp41 antibodies conjugated to SeNPs and AuNCs respectively in the presence of HIV-1 pseudoviruses.

3.7. Raman spectroscopy {#s0120}
-----------------------

### 3.7.1. Raman measurement of SeNPs and AuNCS before and after antibody attachments {#s0125}

Raman measurements play an important role in the identification and structural characteristics of molecules, these were measured using a custom built Raman spectroscopy system. The wavelengths of the Raman emission spectrum are characteristic of the light absorbing molecule structure in the sample and the chemical composition, while the intensity of the light scattering is dependent on the concentration of the molecules ([@b0075]). [Fig. 8](#f0040){ref-type="fig"} shows Raman spectra of SeNPs and AuNCs before and after conjugation to anti-HIV1 gp41 antibodies. The top panel of [Fig. 8](#f0040){ref-type="fig"} shows the spectra of SeNPs (left) and SeNPs conjugated to HIV antibody (right). The SeNPs spectrum shows two vibrations within the region of 200--340 cm^−1^ which is in agreement with the known spectral fingerprint of selenium ([@b0065]). Although background subtraction was carried out, carbon-carbon bonds (C-C) which arise from the sample holder were observed due to the enhancement effect from the Se nanomaterials. On the Se-antibody spectrum, the characteristic Se vibrations was reduced significantly in intensity, which suggests conjugation between the nanomaterial and the antibody. Raman effect is a form of inelastic light scattering, where a photon excites the sample and the excitation puts the molecule into a virtual energy state for a short time before the photon is emitted. The inelastic scattering means that the energy of the emitted photon is of either lower or higher energy than the incident photon and after the scattering event, the sample gets into a different rotational or vibrational state ([@b0060]; [@b0095]). For a molecule to exhibit a Raman effect, there must be a change in its electric dipole-electric dipole polarizability with respect to the vibrational coordinate corresponding to the rovibronic state. The intensity of the Raman scattering is proportional to this polarizability change, therefore, the Raman spectrum (scattering intensity as a function of the frequency shifts) depends on the rovibronic states of the molecule. The binding of the SeNPs to antibodies affects polarization which can be seen by the change of the Se characteristically vibration signals.Fig. 8Raman spectra of SeNPs (top panel) and gold nanoclusters (bottom panel) before and after conjugation to HIV antibody.

The bottom panel of [Fig. 8](#f0040){ref-type="fig"} show AuNCs before (left) and after conjugation (right) with anti-HIV1 gp41 antibodies. The AuNCs before conjugation shows no characteristic Au vibrations however, signal enhancement is observed with the emergence of the aromatic ring vibration found in the polystyrene based sample holder. The AuNCs conjugated to HIV antibody shows characteristics vibration peaks associated with amino acids similar to the Au-antibody spectrum. In the region 500--600 cm^−1^, disulphide bond (S-S) vibrations are observed. Similarly, vibrations from tryptophan (Trp) are seen at in the 700--800 cm^−1^ region. There is a vibration overlap of the amino acid phenylalanine and the aromatic ring of the sample holder in the region 1000--1100 cm^−1^. The former arises from the conjugation of the AuNCs and the HIV antibody, whereas the latter is a result of the signal enhancement effect of the AuNCs. In the regions 1150--1200 cm^−1^ and 1400--1500 cm^−1^, vibrations from the Trp are observed, further confirming conjugation between the antibody and AuNcs. Based on the results discussed above, both SeNPs and AuNcs used in this study were able to show significant signal enhancement capabilities. However, Au based substrates were most efficient in producing spectral fingerprints that confirm conjugation between the nanomaterial and the antibody. In comparison to other nanomaterials, metal nanoparticles, particularly AuNPs constitute ideal tools in the diagnostics for a number of reasons, including the ease of surface modification, excellent stability and exceptionally high absorption coefficients ([@b0030]). Furthermore, they can form highly stable bioconjugates with common targeting biomolecules such as DNA and proteins (antibodies), similarly to what was observed in this study, thereby enabling highly specific and sensitive detection and sensing of viruses.

### 3.7.2. Raman measurement of glass substrates coated with various molecules {#s0130}

The HIV viral particle is spherical in shape and has a diameter of approximately 120 nm which is 60 times smaller than the size of a red blood cell ([@b0150]; [@b0055]; [@b0130]; [@b0045]). The virus is surrounded by a phospholipid enveloped containing surface proteins; glycoprotein gp120 and glycoprotein gp41. On the inside, the virus has a cone shaped HIV-1 p24 antigen which is located on its core which is surrounded by a matrix composed of viral protein p17 ([@b0045]). It is expected that when the virus is excited, the Raman scattered radiation will consist of bands associated with the composition of the virus.

[Fig. 9](#f0045){ref-type="fig"} shows the Raman spectra of glass substrates coated with HIV antibodies (no nanoparticles), AuNCs and SeNPs in the absence (no virus) and presence of the virus. The Raman spectra of anti-HIV gp41 antibodies immobilised on glass substrates in the presence and absence of the virus show similarities on certain Raman peaks; the vibration around the 900 cm^−1^ region which arises from the stretching mode of the N-C-C which is found in between peptide bonds. Similarly, the C-N stretching mode around 1100--1200 cm^−1^ region which can be attributed to the peptide bonds formed by the amino acids of the antibody and that of the virus. After the 1200 cm^−1^ point, vibrations from the amide III and C-H functional groups are observed on both the spectra. The differences in the samples are seen from the presence of the phenylalanine aromatic ring at 1000 cm^−1^ in the absence of the virus. Futhermore, the C-N mode is stronger in the absence of the virus compared to when the virus is present. In the presence of the virus, the aromatic rings of tyrosine, tryptophan and phenylalanine are present. The differences can be attributed to the random orientation that viral molecules take when they conjugate to the antibody. The results obtained show that the surfaces which were treated with the virus showed characteristic peaks that represent the carbohydrates of viral glycoprotein and proteins such as enzymes and lipids ([@b0100]).Fig. 9Raman spectra of spectra glass substrates coated with HIV antibodies, gold nanoclusters conjugated to anti-HIV gp41 antibodies, selenium nanoparticle conjugated to anti-HIV gp41 antibodies in the absence (no virus) and presence of the virus (virus).

The spectra of AuNCs in the absence or presence of the virus show similarities in the spectra around the 1200 cm^−1^ region due the amide III vibration. In the absence of the virus, the aromatic amino acids (Tyr, Trp and Phe) are seen at 800 cm^−1^ and 1600 cm^−1^ region due to signal enhancement by the Au nanomaterial. In the presence of the virus, a sharp peak at 545 cm^−1^ arises due to disulphide bonds that are present in most proteins and viruses and this can indicate successful conjugation binding of the AuNPs to the virus. For the SeNPs, major differences are seen on the SeNPs in the absence of the HIV pseudoviruses. In the absence of the virus, the functional groups associated with amino acids are enhanced significantly compared to the viral sample. On the viral spectrum, only the C-H peak was observed and no clear peaks were observed.

The surface enhanced Raman spectroscopy (SERS) effects that takes place in the presence of nanoparticles are due to the coupling of the incident laser intensity with the localised surface plasmon resonance (LSPR) of the metal surfaces of nanoparticles which results in an enormous field enhancement which in turn enhances the Raman spectra of the analyte ([@b0225]). The LSPR is caused by the oscillations of valence electrons in resonance with the incident light. Localisation is caused by the nanoparticles with the dimensions smaller than that of the wavelength and therefore crafting a locally amplified electromagnetic (EM) field which can be further enhanced in regions between nanoparticles because of near-field coupling ([@b0230]). The scattering and absorption intensities of AuNPs are greater than identical sized non-plasmonic nanoparticles or semi-metallic nanoparticles because of the LSPR of AuNPs. This correlates with the LIF results obtained in this study, where the fluorescence intensity of AuNCs was superior as compared to SeNPs.

Nanoscale materials such as nanoparticles offer several advantages to biosensors and this includes; signal amplifications, sensitivity, specificity, selectivity, stability, rapidity and cost effectiveness ([@b0045]; [@b0145]). Detection of ultralow concentrations of biomarkers is impossible by using conventional Raman spectroscopy because the intensity of Raman scattering from the molecules is too low to be detected ([@b0025]). However, when molecules are adsorbed on the surface of nanoparticle, particularly the plasmonic surface of the metal nanoparticles such as AuNCs used in this study, the intensity is highly enhanced by 10^8^-10^14^ order of magnitude.

4. Conclusion {#s0135}
=============

This study represents a proof of concept by using biosensors and nanomaterial as a reliable and potential tool for viral threat identification. In summary, we synthesized SeNPs and AuNCs, and both of these nanoparticles were successfully conjugated to anti-HIV g41 antibodies. The conjugated nanoparticles managed to bind to HIV pseudoviruses captured by anti-HIV g41 immobilized on the surface of glass substrates and this was confirmed by AFM. The method used in this study for immobilising antibodies on the surface of a substrate and capturing of the analytes can be used in a variety of biosensing applications. The Raman spectroscopy results showed that the technique can be used for the detection of biomolecules on the surface of substrates and the method followed can be used to detect wide range of biological analytes. Further studies are required to determine the limit of detection of the system. Deploying nanomaterials was found to significantly improve the signal to noise ratio significantly and therefore adding to the sensitivity of the employed diagnostic biosensor. There is an urgent need of robust, affordable, sensitive and selective biosensors amid the global spread of viral threat and the fear of biological weapons. The same concept that was used in the current study could be used for the identification and quantification other viruses such as the COVID-19 which has results resulted in a global pandemic and overwhelming the health care systems in many countries. For the diagnosis of COVID-19 in clinical samples, the causative agent of the disease, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can be targeted. This will involve the immobilization of SARS-CoV-2 spike antibody on salinized glass substrates for capturing SARS-CoV-2 viruses. The sample to be tested can then be added to the substrates and the viruses will be captured by the immobilized antibody. Nanoparticles conjugated SARS-CoV-2 spike antibody can be added to the surface of the substrates for signal enhancement and improvement of the sensitivity of system. The same spectroscopic approach followed in the study can be adopted for the diagnosis of COVID-19. Future studies are required to validate this concept with COVID-19 and other viruses with the identification of the setup limit of detection, sensitivity and selectivity.
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